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Abstract 
This paper reports on the aquatic chemistry of trace elements in terms of spatial and temporal 
distribution, but also pollution sources in the transboundary watershed of the Seversky Donets 
River (Ukraine/Russia). Bed sediments and filtered water were collected from the Udy and 
Lopan Rivers at sites from the river source in the Belgorod region (Russia) to rural and urban 
areas in the Kharkiv region (Ukraine) in May and August 2009. Priority trace elements (As, 
Cd, Cr, Cu, Hg, Ni, Pb and Zn), an urban tracer (Ag) and additional metals (Co, Mo, V) and 
Th were measured in stream water and sediments. The low levels and variability of Th-
normalized concentrations indicated the absence of geochemical anomalies in the upstream 
part of the rivers and suggested that these data represent a regional baseline for trace elements 
in bed sediments. In contrast, water and sediments within the city of Kharkiv were 
contaminated by Ag, Pb, Cd, Cu, Cr and Zn, which are mainly attributed to municipal 
wastewater inputs and urban run-off. Results of the environmental quality assessment showed 
that element concentrations in the sediments can be considered as potentially toxic to aquatic 
organisms in sites downstream of the wastewater discharges. 
Highlights 
► The observed spatial variations are mainly due to grain size variations. ► The regional 
background for trace elements in river sediments is defined. ► Water and sediments are 
contaminated by Ag, Pb, Cd, Cu, Cr and Zn. ► Concentrations in the sediments are 
potentially toxic for the aquatic organisms. 
1. Introduction 
The presence of trace elements in rivers relates to the specific regional geochemistry and 
inputs from diverse anthropogenic sources. In the aquatic environment, trace elements can 
accumulate to toxic levels and cause severe effects to organisms and on human health (Gupta 
et al., 2009). Various factors, i.e. the climate and hydrology (Caruso and Bishop, 2009), water 
chemistry (Matache et al., 2009) and biological activity (van Hattum et al., 1996) control trace 
metal deposition and fixation in the sediments, which may act as both sinks and sources of 
secondary aquatic pollution (Pekey, 2006 and Coynel et al., 2007). The study of both water 
and sediment geochemistry is, therefore, necessary for the assessment of contamination status, 
the understanding and prevention of environmental risk and the development of regional and 
national water protection strategies (Neumann et al., 2005). 
Eastern Ukraine, with a long history of large-scale industrial and agricultural activities 
through the soviet period up to present time (EPKhR, 2010), is one of the most urbanized 
regions in the country. The main river system of this part of Ukraine is the transboundary 
Seversky Donets watershed that also includes the Belgorod, Kursk and Rostov regions of the 
Russian Federation. The water resources are affected by the extensive multiple water uses 
(iron ore-mining processes, heavy and light manufacturing, power, industrial and drinking 
water supply infrastructures, agriculture, aquaculture) and urban inputs (NRDW, 2006). 
Regional and national environmental surveys in rivers of the Seversky Donets basin 
(Samarina, 2003 and Vasenko et al., 2006) have reported concentrations of dissolved Zn, Cr 
and Pb exceeding the valid Ukrainian water quality limits (GCPL, 1991 and SNPL, 1991). 
This pollution may induce environmental and health risks associated with drinking water 
supply and recreational activities in the region. 
Despite the crucial role of the Seversky Donets basin in the social and economic development 
of neighboring regions of Ukraine and Russia, the recently established environmental 
monitoring network of the transboundary rivers is as yet insufficient (Vasenko et al., 2006, 
Vystavna et al., 2012a and Vystavna et al., 2012b) and concentrations, sources and fate of 
most trace elements in the watershed are poorly surveyed and understood. The existing 
monitoring and risk assessment suffers from very limited in situ measurements and poor 
sampling on the one hand and from the absence of information on regional sediment and 
water quality baselines on the other. 
Two rivers of the Seversky Donets water basin, with a total catchment area in the Ukraine of 
3460 km
2
, namely the Lopan and Udy Rivers, have been chosen as being representative of 
many other regional rivers in terms of general properties, watershed size and land use. These 
rivers have their sources in the Belgorod region (Russia) and flow downstream to the Kharkiv 
Region (Ukraine), where they receive substantial volumes (ca. 1000 thousands m
3
 per day) of 
domestic and industrial wastewaters from the urban area. 
This study is part of a research program on trace elements and emerging pollutants in the 
Kharkiv region (Vystavna et al., 2012a and Vystavna et al., 2012b) aiming at identifying and 
evaluating the geochemical baseline, actual levels and distributions of trace element 
concentrations in water and sediment, and also the major pollution sources to the Lopan and 
Udy Rivers. The paper discusses: (1) the spatial and temporal distribution of trace elements in 
water and sediments, (2) the regional geochemical baseline of trace elements in the sediments, 
and (3) the potential environmental risk of trace element contamination in sediments. 
2. Study area 
2.1. General setting, hydroclimatology and hydrology 
The study area (Fig. 1) is situated in the Forest-Steppe natural zone of the southern slopes of 
the mid-Russian rolling plain with gray forest and thick grassland soil types, called 
chernozems (Samarina, 2007). 
  
Fig.1. Location of the study area and the sampling sites (U = Udy River, L = Lopan River). 
 
 
 
 
The duration of winter is from mid-November to mid-March and summer is from the mid-
May to early September. The coldest month is January (average temperature is −7.1 °C) and 
the warmest is July (average temperature is +20.5 °C). The high temperature during the 
summer period and wastewater inputs induce pronounced seasonal O2-depletion and increase 
of nutrients in both studied rivers due to intense organic matter degradation (Vasenko et al., 
2006). The mean annual air temperature is 7.6 °C and rainfall varies between 470 and 
540 mm/a with 145–160 mm precipitation in winter and 140–190 mm in summer (Jakovljev 
et al., 2002). The Lopan and Udy Rivers are quite shallow (from 0.4 to 2.3 m in depth) and 
their flows are regulated by several dams along their watercourses. The mean high water 
discharge of the Lopan River is 1.4 m
3
 s
−1
 (winter and spring) and the mean low water 
discharge is 0.9 m
3
 s
−1
 (summer). The high water discharge of the Udy River is 6.8 m
3
 s
−1
 
(winter and spring) and mean low water discharge is 2.5 m
3
 s
−1
 (summer). Water discharge is 
measured at sampling sites located about 1 km upstream from Kharkiv city (Vasenko et al., 
2006). The rivers are fed mostly by rainfall and partly by groundwater from Tertiary aquifers 
(Jakovljev et al., 2002). The above-mentioned hydrological parameters (small size, low flow 
rate, man-made regulation) of these rivers suggest that both water bodies have very limited 
natural purification potential (Vasenko et al., 2006). 
2.2. Geology 
The north-eastern part of Ukraine belongs to the Dnieper-Donets depression and to the 
Voronezh anticline of the Eastern European Platform. The Precambrian crystalline basement 
in the axial part of this structure outcrops to the NE of the platform (Jakovljev et al., 2002) 
and is covered by Paleozoic, Mesozoic and Cenozoic sedimentary deposits such as 
sandstones, clays, argillites, siltstones and limestones. The uppermost formations in the study 
area consist of Cretaceous, Paleogene, Neogene and Quaternary deposits. The water-bearing 
sands in the Cretaceous (Cenomanian) deposits are protected from pollution by a layer of 
marls and chalk and are used for municipal water supply in the Sumy, Poltava and Kharkiv 
regions (Jakovljev et al., 2002). Oligocene, Eocene and Pliocene–Quaternary aquifers are also 
widely used by the local population for additional drinking water supply, in spite of the high 
content (Jakovljev et al., 2002). 
The northern part of the study area is about 100 km from the Yakovlevka deposit (in the 
Belgorod region of Russia) which is a part of the Precambrian banded iron formation of the 
iron-ore basin called the Kursk Magnetic Anomaly (KMA) (Fig. 1). The deposit contains 
residual, partially weathered ores with high concentrations of Cu, Zn, As, Cd, Ag and U 
compared to the average continental crust (Belykh et al., 2007). Samarina, 2003, Samarina, 
2007 and Samarina, 2008 has reported that the exploitation of the KMA deposits in the 
Belgorod region (mining, iron ore-processing, metallurgy and corresponding infrastructure) 
has induced negative impacts on the environment and water quality of regional watercourses, 
increasing groundwater mineralization and concentrations of Cu, Zn, Pb and Cr. 
2.3. Water use 
The upper parts of the Lopan and Udy River basins feature mostly rural land-uses while the 
middle and lower parts incorporate the urban agglomeration of the city of Kharkiv with a 
population density of 4764 persons/km
2
 and a total population of ca. 2 million (as of 2009; 
EPKhR, 2010). 
In the Kharkiv region, the studied rivers are mainly used for water supply and wastewater 
discharge. The „Dykanivka‟ (700,000 m3 d−1) and the „Bezludivka‟ (300,000 m3 d−1) are two 
large-size wastewater treatment plants (WWTPs) which receive and treat mixed industrial 
effluents mainly from machinery, coke-processing, food-processing, light industry (25% of all 
influents) and domestic (75% of all influents) wastewaters from the Kharkiv agglomeration. 
The wastewater treatment includes mechanical and biological (aerobic) processes with a final 
disinfection step by chlorination. The volume of treated wastewater released by the 
„Dykanivka‟ WWTP („D‟WWTP) into the Lopan River is more than twice as high as the 
natural river discharge, which causes aquatic pollution by suspended solids, labile organic 
matter, Cl
−
, , , , oil products and phenols and intensify eutrophication 
processes in the Lopan during summer (Vasenko et al., 2006). The „Bezludivka” WWTP 
(„B‟WWTP) discharges treated wastewaters into the Udy River and is responsible for the 
accumulation of Cr, Zn, Cu and Pb in the sediments downstream from the wastewater 
treatment plant. The river pollution has been attributed to the low efficiency of existing 
treatment processes, absence of manufacturing wastewater pre-treatment technologies and 
mixing of industrial and domestic wastewaters (Vasenko et al., 2006). 
2.4. Sampling localities 
The sampling sites were selected to monitor and identify potential trace element sources 
(transboundary upstream area, agricultural versus urban regions, wastewater discharges) and 
chosen on the basis of the results of the previous monitoring (Vystavna et al., 
2009 and Vystavna et al., 2012b). Sampling was conducted at six sites on the Lopan River 
(Fig. 1): (1) site L00 is close to the river source in the agricultural area of the Belgorod region, 
Russia; (2) site L01 is in the agricultural area of the Kharkiv region, Ukraine, (3) site L03 
represents the river section upstream from the Kharkiv urban agglomeration; (4) site L06 is in 
Kharkiv city centre; (5) L08 is within the urban area and upstream of the wastewater outlet of 
„D‟WWTP; (6) L09 is downstream from the „D‟WWTP and upstream from the confluence of 
the Lopan and Udy Rivers. 
Similarly, five sampling sites on the Udy River (Fig. 1) were selected: (1) U00 is near to the 
river source in the agricultural area of the Belgorod region, Russia, (2) U01 is in the 
agricultural area of the Kharkiv region, Ukraine; (3) U04 is upstream from the Kharkiv urban 
agglomeration, (4) U06 is in the urban area, upstream of the Lopan–Udy confluence and 
upstream from the wastewater outlet of „B‟WWTP and (5) U07 is downstream from the 
discharge of the „B‟WWTP and the Lopan–Udy Rivers confluence (Fig. 1). The 
transboundary sites L00 and U00 were sampled only once (May 2009) due to administrative 
problems related to the crossing of the Russian border, whereas the other sites were sampled 
twice in May and August 2009 in order to represent contrasting hydrological processes in 
rivers. During May, the discharge is relatively high, mainly due to snow melt in the March–
April period, whereas during August, the river discharge is decreased and mainly derived 
from groundwater inflow. During August, water temperature and eutrophication-related 
processes are at their maxima (Vasenko et al., 2006). 
3. Materials and methods 
Priority substances (i.e. As, Cd, Cu, Cr, Hg, Ni, Pb and Zn; European Community Directive 
on Priority Substances 2008/105/EC; EU Water Framework Directive 2000/60/EC; Tueros et 
al., 2009), Ag (urban tracer; Feng et al., 1998) and other elements of environmental concern 
(Co, Mo, V; Schäfer et al., 2009) were determined in water and sediments. 
3.1. In situ measurements and dissolved phase sampling 
Water temperature, pH and electrical conductivity were measured in situ at 1 m from the river 
bank and at 0.2 m depth using a WTW Multiline P4 probe. Total organic C (TOC) was 
determined from spot unfiltered samples and measured using a TOC-5000, Shimadzu© 
automated analyser following ISO 10694. 
River water was sampled at 1 m from the bank and at 0.2 m depth using an acid-cleaned 
50 mL syringe and immediately filtered through 0.2 μm cellulose-acetate membranes 
(Nucleopore filters) acidified (HNO3, ultrapure; 1/1000 v/v; as described in Masson et al., 
2009 and Lanceleur et al., 2011 and stored in acid cleaned 16 mL polypropylene tubes at 4 °C 
and in the dark pending analysis. 
3.2. Sediment sampling and digestion 
Sediments were collected close to the river bank and stored in sterile capped containers. In the 
laboratory, the samples were sieved to pass <63 μm, dried to constant weight at 50 °C, 
powdered, homogenized and stored in closed polyacrylate containers (50 mL). Representative 
subsamples (30 mg of dry homogenized sediment) were digested at 110 °C for 2 h in acid-
cleaned closed reactors with 1.5 mL HCl (12 M, suprapure), 0.75 mL HNO3 (14 M, 
suprapure) and 2 mL HF (26 M, suprapure), using a temperature-controlled digestion system 
(Digi PREP MS®, SCP SCIENCE). After cooling, the digested samples were made up to 
10 mL using 250 μL HNO3 (14 M, suprapure) and double deionized (Milli-Q®) water, then 
stored in the dark at 4 °C awaiting analysis by ICP-MS. Parallel blank digestions (without 
sediment) and analyses of international certified reference sediments (IAEA-405 and CRM 
320) allowed estimating accuracy and precision of the blank-corrected sediment analyses 
(Table 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Accuracy and detection limits for water and sediment sampling and analysis. 
Trace element Ag As Cd Co Cr Cu Hg Mo Ni Pb Th V Zn 
Water sampling (total dissolved metal(loid)s) 
Analytical 
detection limits, 
μg L−1 
0.00
1 
0.02
0 
0.002 0.020 0.100 0.080 na 
0.01
0 
0.20
0 
0.010 0.005 0.040 0.100 
Certified reference material – SLRS 4 (n = 10) 
Measured, 
μg L−1 
na 0.68 0.012 0.033 0.320 1.620 na 
0.20
0 
0.64
8 
0.085 na 0.350 1.040 
Certified, 
μg L−1 
nc 0.68 0.012 0.033 0.330 1.810 nc 
0.21
0 
0.67
0 
0.086 nc 0.320 0.930 
95% Interval, 
μg L−1 
nc 
0.62
–
0.74 
0.010
–
0.014 
0.027
–
0.039 
0.31–
0.35 
1.73–
1.89 
nc 
0.19
–
0.23 
0.59
–
0.75 
0.079
–
0.093 
nc 
0.29–
0.35 
0.83–
1.03 
Accuracy nc 4% 4% 9% 11% 4% nc 5% 4% 19% nc 3% 11% 
Reproducibility nc 0% −2% 3% −2% 
−12
% 
nc −5% −3% −4% nc 
−11
% 
11% 
Sediments sampling 
Certified reference material – CRM 320 (n = 16) 
 Measured, 
μg kg−1 
na 75.7 0.59 18.6 122 40.1 na 0.61 81.7 38.8 10.9 96.3 128 
 Certified, 
μg kg−1 
nc 76.7 0.53 nc 138 44.1 1.03 nc 75.2 42.3 nc nc 142 
 95% Interval, 
μg kg−1 
nc 
73.3
–
80.1 
0.51–
0.56 
nc 
138–
145 
43.1–
45.1 
0.90
–
1.16 
nc 
73.8
–
76.6 
40.7–
43.9 
nc nc 
139–
145 
 Accuracy nc −1% 10% nc 
−12
% 
−9% na nc 9% −8% nc nc 
−10
% 
 Reproducibilit
y 
nc 7% 6% 8% 4% 8% na 14% 8% 7% 14% 5% 21% 
Certified reference material – IAEA 405 (n = 10) 
 Measured, 
μg kg−1 
1.06 24.6 0.80 13.6 81.4 48.0 
0.78
7 
0.66 32.8 78.9 12.4 94.5 277 
 Certified, μg 
kg
−1
 
nc 23.6 0.73 13.7 84 47.7 0.81 nc 32.5 74.8 14.3 95 279 
 95% Interval, 
μg kg−1 
nc 
22.9
–
24.3 
0.68–
0.78 
13.0–
14.4 
80.0–
88.0 
46.5–
48.9 
0.77
–
0.85 
nc 
31.1
–
33.9 
72.6–
77.0 
12.2–
16.4 
90–
100 
272–
286 
 Accuracy nc 4% 10% −1% −3% 1% −3% nc 1% 5% 
−13
% 
0% −1% 
 Reproducibilit
y 
6% 9% 12% 4% 3% 7% 4% 6% 8% 
    
 
3.3. Analyses 
Total dissolved element concentrations in filtered (<0.2 μm) water samples and sediment 
digests were measured by ICP-MS (X7, Thermo). The results were consistently within the 
range of certified values for SLRS-4 (water), CRM 320 and IAEA405 (sediments) and the 
analytical error (relative standard deviation) was generally better than 5% (Table 1). The 
procedure and results were in accordance with previous studies performed in the EPOC-TGM 
laboratory (e.g. Schäfer and Blanc, 2002 and Audry et al., 2004). Mercury concentrations 
were determined on dry, homogenized sediments by cold vapor atomic absorption 
spectrometry after calcination in an O2-stream and amalgamation using an automated Hg 
analyser (MILESTONE, DMA-80; Schäfer et al., 2006). The results obtained for the 
international certified reference sediment IAEA 405 were consistently within the ranges of the 
certified values and precision was better than 5% (RSD) (Table 1). 
3.4. Enrichment Factor estimation 
In order to determine the degree of contribution of the urban area to the sediment 
composition, the Enrichment Factor (EF) was calculated using the following equation (e.g. 
Pekey, 2006): 
 (EF)=(Cx/CTh)sample/(Cx/CTh)crust 
where (Cx/CTh)sample is the ratio of concentration of the element being measured (Cx) to that of Th (CTh) 
in the sediment sample and (Cx/CTh)crust is the respective baseline ratio. Thorium has been used as a 
normaliser to compensate the constituent variability in sediments resulting from grain size variations 
(Coynel et al., 2007). According to Pekey (2006), elements can be divided into three major groups 
with respect to their corresponding Enrichment Factors: elements without enrichment (EF < 10), 
elements with medium-level enrichment (10 < EF < 100) and highly enriched elements (EF > 100). 
3.5. Environmental impact assessment 
To evaluate the sediment contamination and potential eco-toxicological effects associated 
with the observed contaminant concentration, the commonly applied Sediment Quality 
Guidelines (SQGs; MacDonald et al., 2000, Ingersoll et al., 2001 and Zheng et al., 2008) were 
used and also the guidelines for the environmental quality assessment widely used in Ukraine 
(Saet et al., 1990). 
SQGs developed for freshwater ecosystems are useful tools to assess the potential eco-
toxicology of contaminants in sediments taking into account the consensus-based Threshold 
Effect Concentration (TEC) and Probable Effect Concentration (PEC) (MacDonald et al., 
2000, Ingersoll et al., 2001 and Binelli et al., 2008). 
The mean probable effect concentration quotient (m-PEC-Q) which aims at estimating the 
probability of acute sediment toxicity due to the possible biological effects of toxic mixtures 
has been calculated according to MacDonald et al. (2000): 
 
where Ci is the sediment concentration of the i compound, PECi is the PEC for the i compound and n 
is the number of considered compounds. 
Samples with mean PEC quotients < 0.5 were predicted to be non-toxic, whereas sediments 
with mean PEC quotients > 0.5 may be considered as potentially toxic (MacDonald et al., 
2000, Ingersoll et al., 2001 and Zheng et al., 2008). However, recent work has shown that the 
reliability of this commonly applied approach depends on several factors which could affect 
trace element availability from sediment to biota such as sediment grain size, organic matter 
content or trace element speciation (Casado-Martinez et al., 2006 and Choueri et al., 2009). 
The environmental risk assessment according to the Ukrainian approach requires the 
comparison of trace element concentrations with their respective regional baseline values in 
sediments or/and in the continental crust (Saet et al., 1990 and Svirenko et al., 2003). This 
approach is used both for soil and sediment environmental risk assessments. According to the 
proposed approach, the coefficient of concentration Kcij was calculated for each ith element in 
each jth sample: 
 
A cumulative sediment (soil) contamination index Zcj was calculated for each jth sample as follows: 
Kcij=Cij/Cib 
where Cij is a concentration of the ith element in sediment (soil) in the jth sediment (soil) sample, Cib is 
a baseline concentration of the ith element in a large geochemical region; only those elements for 
which the ratio Ci/Cib is ⩾1.2 (considering the standard error of the estimated ratio ⩽20%) were 
included in the calculation, and n is the number of such elements. The degree of contamination and 
related environmental risk is considered as moderate if Zc is ⩽16, as significant if 16 < Zc ⩽ 32 and as 
very high for 32 < Zc ⩽ 128, and as dangerous for Zc > 128 (Saet et al., 1990). 
4. Results 
4.1. Distribution of trace elements in the water 
According to major ion concentrations (Vasenko et al., 2006), water of both rivers is 
classified as of HCO3–Ca type (  and Ca
2+
>Na + K > Mg
2+
), which is 
in agreement with the petrographic nature of the river beds and may be explained by 
interactions of the water with Cretaceous carbonate rocks. The pH of both rivers ranged from 
7.4 to 8.2. Electrical conductivity showed variations in both rivers with the maximum value at 
the sites downstream of the inflow of the wastewater discharges by the „D‟WWTP and 
„B‟WWTP (site U07). Water temperature varied from 13 to 16 °C in May to 16–23 °C in 
August in both rivers (Table 2). 
 
 
 
Table 2. Temperature, pH, conductivity and total organic C at the sampling sites along 
the Lopan and Udy Rivers. 
Site 
May 2009 
 
August 2009 
 
T (°C) pH E (μS cm−1) TOC (mg L−1) T (°C) pH E (μS cm−1) TOC (mg L−1) 
U00 13 8.2 468 nd nd nd nd nd 
U01 14 7.8 865 71 16 7.7 925 87 
U04 14 8.2 930 68 21 8.1 971 84 
U06 14 7.8 1080 57 20 7.4 1220 65 
U07 16 7.3 1240 50 22 7.2 1380 53 
L00 12 7.7 1035 nd nd nd nd nd 
L01 13 7.8 1080 171 16 7.9 1070 173 
L03 14 7.8 1140 85 17 7.7 799 99 
L06 14 7.9 1080 103 18 7.8 787 133 
L08 15 7.8 1100 98 20 7.6 901 105 
L09 16 7.4 1240 47 23 7.2 1340 51 
nd – the parameter has not been determined. 
The concentrations of dissolved Ni in August and Ag in both seasons were below detection limits (i.e. 
<0.001 μL−1 (Ag) and <0.200 μL−1 (Ni)). Dissolved As, Co, V and Mo in the water showed no 
significant increase in concentration from rural to urban parts of the rivers. In contrast, concentrations 
of dissolved Cd, Cr, Cu, Ni, Pb and Zn in water were higher in the urban area compared to the rural 
reaches (Table 3), with peaks at the sites (U07 and L09) located downstream from the discharges of 
„B‟WWTP and „D‟WWTP (Table 3). The results show that the TOC contamination tended to decrease 
in sites located downstream of wastewater discharges (Table 2), thereby, complexation processes 
should be less intensive in this part compared to the upstream. 
 Table 3. Dissolved trace element concentrations in surface water (μg L−1) and 
particulate trace element concentration in the sediments (mg kg
−1
) from the Lopan and 
Udy Rivers. 
Site 
May 2009 
 
August 2009 
 
Ag As Cd Co Cr Cu Mo Ni Pb V Zn Ag As Cd Co Cr Cu Mo Ni Pb V Zn 
Total dissolved metal(loid)s concentration in water 
U0
0 
< 
3.1
0 
< 
0.1
8 
0.8
0 
0.5
1 
0.9
5 
1.3
2 
0.05 
1.6
5 
0.2
2 
< nd nd nd nd nd nd nd nd nd nd 
U0
1 
< 
2.5
4 
< 
0.3
5 
1.7
4 
0.5
9 
1.1
9 
1.7
4 
0.03 
2.1
3 
0.8
3 
< 
3.5
9 
< 
0.2
9 
1.4
4 
0.4
4 
1.5
2 
< 
1.6
7 
2.8
5 
0.4
1 
U0
4 
< 
2.9
9 
< 
0.3
9 
2.6
9 
0.7
0 
2.0
8 
1.9
7 
0.02 
2.9
5 
0.3
7 
< 
3.4
4 
< 
0.3
0 
2.6
1 
0.5
5 
2.9
2 
< 
2.5
7 
4.0
7 
0.2
6 
U0
6 
< 
2.6
2 
< 
0.3
3 
3.0
3 
0.8
9 
2.1
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4.2. Normalization by 
232
Th and distribution of trace elements in sediments 
The concentrations of trace elements (Ag, As, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, Th, V and Zn) 
in sediments showed spatial variability along the studied watercourses (Table 3), varying by 
factors up to 33 (Fig. 2). Taking into account, that suspended sediments in the rivers consist of 
detrital particles including silts, clays and fine sands (Vasenko et al., 2006), grain size 
segregation due to particle settling during sediment transport may affect element 
concentrations in the sediments. Therefore, Th-normalized values were used to calculate 
Enrichment Factors (EFs). Data on the Earth‟s crust composition proposed by Vinogradov 
(1962) was applied as the regional reference baseline (Yaroshevsky, 2006) for the study area. 
Arsenic, Co, Hg, Mo, Ni and V had EF < 10, so they were considered as elements without 
significant enrichment for the sampling sites for both the Lopan and Udy Rivers (Table 4). 
Other elements like Ag, Cr, Cu, Pb and Zn showed no enrichment at the sites upstream from 
the urban area (L00–L03 and U00–U04), but within the urban area the Enrichment Factors of 
these elements ranged from 10 to 100, reflecting medium enrichment. The highest EF for Ag, 
Cr, Cu and Zn occurred at the sites downstream of the wastewater discharges from „D‟WWTP 
and „B‟ WWTP. Lead showed its highest value (EF = 10) at site L06 in the city centre, where 
it can enter in run-off and atmospheric deposition from the traffic routes. Silver was the 
element with the highest Enrichment Factor (EF from 53.0 to 89.0) in both rivers downstream 
of the wastewater discharges (L09 and U07). 
 Fig. 2. Direct and Th-normalized concentrations of trace elements in the sediments of the Udy and Lopan Rivers. 
Udy R. (circles), Lopan R. (triangles), May sampling (solid line), August sampling (dashed line). 
 Table 4. Enrichment Factors (EFs) calculated for the trace elements in sediments 
based on the Th-normalized values. 
Site Ag As Co Cr Cu Hg Mo Ni Pb V Zn 
May 2009 
L00 2.9 1.8 0.7 0.8 0.9 0.2 2.4 0.4 0.9 1.0 0.7 
L01 3.8 1.7 0.7 0.9 0.5 0.1 0.7 0.5 1.3 0.9 1.0 
L03 5.7 1.8 0.7 1.1 0.7 0.2 1.0 0.5 2.4 0.9 1.8 
L06 16.1 2.3 0.8 0.9 3.9 1.7 1.9 1.2 10.0 0.7 6.2 
L08 15.9 1.6 0.7 1.3 2.1 0.7 1.1 0.4 6.5 0.6 5.4 
L09 89.0 1.7 0.8 7.0 5.5 2.4 2.3 1.1 7.4 0.7 11.6 
U00 3.5 2.2 0.9 0.9 0.5 0.1 0.5 0.6 1.3 1.0 1.1 
U01 4.1 2.8 1.2 0.9 0.5 0.2 0.8 0.6 1.5 0.9 1.1 
U04 5.3 3.9 1.0 0.9 0.4 0.1 2.0 0.3 2.3 1.1 0.8 
U06 11.3 2.0 0.7 1.6 1.1 1.0 0.9 0.6 2.9 0.9 3.3 
U07 76.5 1.6 0.6 12.0 18.8 1.9 1.5 1.5 6.9 0.7 10.1 
August 2009 
L01 4.6 1.9 0.7 0.9 0.4 0.1 2.9 0.5 1.2 0.9 1.0 
L03 4.5 1.9 0.7 1.0 0.7 0.2 0.8 0.5 2.3 0.9 1.6 
L09 53.0 1.4 0.5 3.4 2.7 3.3 2.0 0.8 5.6 0.8 5.0 
U01 4.2 2.0 0.8 0.8 0.5 0.2 0.5 0.5 1.3 0.9 0.8 
U04 5.9 2.0 1.2 1.0 0.6 0.1 2.2 1.1 1.8 1.1 1.1 
U06 10.9 2.5 0.9 2.0 1.4 0.7 1.0 0.6 4.5 1.0 3.8 
U07 67.7 1.7 0.6 11.4 7.6 1.9 1.5 1.5 5.5 0.8 11.0 
 
The Pearson‟s correlation between Th-normalized values has been determined between targeted trace 
elements (n = 5, p < 0.05) ( Table 5 and Table 6). In both the Lopan and Udy Rivers, positive 
correlations of the Th-normalized values were observed between Ag, Cd, Cr, Cu, Hg, Ni, Pb and Zn in 
May (Pearson‟s criterion, r ⩾ 0.80) and in August (r ⩾ 0.70). The spatial patterns of this element 
group are negatively correlated with those of V and Co (r ⩾ −0.70) and As (r ⩾ −0.60) ( Table 
5 and Table 6). However, in the Lopan River in May, Co had some positive correlation (r ⩾ 0.72) with 
As, Ni and Cu, and As with Cu and Ni, that may reflect different sources e.g. run-off and 
groundwaters for these elements during high and low-flow periods. 
Table 6. Pearson correlation matrix of Th-normalized values of trace elements in the 
sediments of the Lopan River (n = 5, p < 0.05). The most significant correlations are 
in bold type. 
May 
August 
V Cr Co Ni Cu Zn As Mo Ag Cd Pb Hg 
V 1 −0.99 0.99 −0.99 −0.99 −0.99 0.99 −0.04 −0.99 −0.99 −0.98 −0.99 
Cr −0.26 1 −0.99 0.99 0.99 0.99 −0.99 0.06 0.99 0.99 0.98 0.99 
Co −0.12 0.52 1 −0.99 −0.99 −0.99 0.99 −0.04 −0.99 −0.99 −0.98 −0.99 
Ni −0.48 0.50 0.92 1 0.99 0.99 −0.99 −0.10 0.98 0.99 0.99 0.99 
Cu −0.65 0.79 0.73 0.86 1 0.99 −0.99 −0.02 0.99 0.99 0.99 0.99 
Zn −0.70 0.85 0.57 0.73 0.96 1 −0.99 −0.06 0.99 0.99 1.00 0.99 
As −0.16 −0.18 0.72 0.74 0.32 0.10 1 0.01 −0.99 −0.99 −0.99 −0.99 
Mo −0.03 0.45 0.59 0.50 0.58 0.43 0.27 1 0.09 0.07 −0.15 0.07 
Ag −0.38 0.99 0.57 0.59 0.86 0.92 −0.09 0.48 1 0.99 0.97 0.99 
Cd −0.39 0.99 0.47 0.51 0.83 0.91 −0.19 0.45 0.99 1 0.98 0.99 
Pb −0.89 0.38 0.53 0.81 0.84 0.80 0.50 0.29 0.50 0.47 1 0.97 
Hg −0.63 0.79 0.76 0.88 1.00 0.96 0.35 0.56 0.87 0.83 0.83 1 
 
5. Discussion 
5.1. Baseline of trace elements in the sediments 
Due to the long term anthropogenic exploitation of the Seversky Donets watershed, it is 
difficult to find a truly pristine area. Therefore, the regional baseline can be established as the 
expected range of element concentrations in sediment samples in an area without any 
geochemical anomalies (Williams et al., 2000; Singh et al., 2003 and Njofang et al., 2007). 
Results for the sediment Th-normalization at the transboundary, upstream of the urban area 
sites showed that upstream influences on the geochemistry of the Udy and Lopan Rivers can 
be neglected compared to the impact of the Kharkiv urban area. Accordingly, the proposed 
present-day baseline values are the 75% quartile (Njofang et al., 2007) of the Th-normalized 
values obtained for the sites upstream of the urban area (Table 7). These values for Ag, As, 
Cd, Mo and Pb were higher than the Th-normalized value of the Earth‟s crust proposed by 
Vinogradov (1962). Other Th-normalized trace element (Co, Cr, Cu, Zn and V) values were 
in agreement with the crustal values. The comparison of Th-normalized values obtained in 
this study with the Th-normalized values of world sediments (Reimann and De Caritat, 1998) 
showed that the proposed regional baseline concentrations for Ag, As, Cr, Cu, Mo, Ni, Zn and 
V are higher than those obtained from the world sediment composition. The values for Co and 
Hg are at the same level. 
Table 7. Summary of the statistics of the Th-normalized baseline values of trace 
elements in the sediments of the Udy and Lopan Rivers, at the sites upstream of the 
urban area (L00; L01; L03; U00; U01 and U04). 
Parameter Ag/Th As/Th Cd/Th Co/Th Cr/Th Cu/Th Hg/Th Mo/Th Ni/Th Pb/Th V/Th Zn/Th 
Average valuec 0.04 1.32 0.05 1.59 8.27 3.03 0.01 0.25 4.77 2.98 11.4 8.03 
Standard deviation 0.01 0.39 0.03 0.36 0.75 0.79 0.002 0.16 1.81 0.96 1.06 2.52 
Geometric valuec 0.04 1.28 0.05 1.56 8.24 2.95 0.01 0.21 4.54 2.84 11.3 7.71 
Maximum value 0.05 2.31 0.13 2.19 9.61 4.84 0.01 0.54 9.57 4.36 13.2 13.1 
Minimum value 0.03 1.05 0.03 1.25 6.85 2.22 0.003 0.09 2.83 1.72 10.1 4.98 
Median value 0.04 1.19 0.04 1.44 8.19 2.72 0.01 0.17 4.37 2.59 11.1 7.69 
25% quartile 0.04 1.10 0.04 1.33 8.07 2.56 0.005 0.14 3.96 2.30 10.7 6.36 
75% quartile (baseline) 0.05 1.32 0.06 1.83 8.66 3.38 0.01 0.39 4.91 3.95 11.8 8.00 
Crust valuea 0.01 0.06 0.003 1.82 9.09 5.18 0.04 0.18 8.64 1.82 11.82 7.27 
World sediments valuesb 0.01 0.16 0.14 1.18 5.04 1.50 0.01 0.06 2.36 – 0.08 6.30 
a 
Crust value, proposed by Vinogradov (1962). 
b 
World sediments, according to Reimann and De Caritat (1998). 
c 
Average value (mean) considers that each value is independent from the others; geometric value (mean) considers 
that each value is dependent on the others. 
5.2. Environmental risk assessment of element concentrations in the sediments 
The environmental risk assessment of element concentrations in the studied sediments was 
performed for the sites located upstream of Kharkiv city (L03 and U04), central Kharkiv city 
(L06 and U06) and the sites downstream of the wastewater discharges (L09 and U07), which 
are also within the urban area with a high population density. 
For this, element concentrations in the studied sediments were compared to the respective 
threshold effect concentration (TEC) and the Probable Effect Concentration (PEC) (Table 8). 
At the sites upstream of Kharkiv city only Cr exceeded the TEC in the Lopan River (L03). In 
the central part of Kharkiv city Cu exceeded the TEC in the Lopan River (L06) in May and in 
the Udy River (U06) in August. Chromium concentrations in the Udy River sediments (U06) 
exceeded the TEC in May and the PEC in August. In the downstream Lopan River (L09), Cd 
concentrations exceeded PEC in May. The estimates of m-PEC-Q showed that element 
concentrations in the sediments must be considered as potentially dangerous for the 
environment at site L09 (Lopan River, May) (m-PEC − Q = 0.75). 
Table 8. Environmental risk assessment for the sediments (not normalized) of the 
Lopan and Udy Rivers. 
mg kg−1 As Cd Cr Cu Hg Ni Pb Zn m-PEC-Q Zc ERa 
May 2009 
L03 4.97 0.32 44.0 15.6 0.03 21.1 19.9 59.8 0.18 11 Moderate 
L06 4.11 0.56 25.7 60.4 0.18 31.7 54.4 136 0.30 29 Significant 
L08 1.86 0.87 23.6 21.2 0.05 7.2 23.5 78.4 0.14 30 Significant 
L09 3.61 6.45 219 97.9 0.30 31.8 46.6 291 0.75 235 Dangerous 
U04 3.19 0.06 11.4 3.1 0.01 3.9 5.8 8.3 0.05 2 Moderate 
U06 4.52 0.72 54.2 21.5 0.14 18.9 19.8 91.7 0.22 30 Significant 
U07 0.97 3.42 113 101 0.07 13.5 13.1 76.5 0.38 118 Very high 
August 2009 
L03 7.64 0.32 58.8 24.4 0.05 30.9 28.4 78.9 0.26 13 Moderate 
L09 0.89 0.62 32.9 14.7 0.13 7.7 10.7 38.0 0.12 26 Significant 
U04 1.68 0.18 12.4 4.5 0.01 13.3 4.4 11.0 0.07 6 Moderate 
U06 8.47 1.89 101 39.9 0.14 30.1 45.6 154 0.41 72 Very high 
U07 0.99 3.57 100 38.3 0.07 12.7 9.6 77.5 0.31 122 Very high 
Sediment quality guidelines and crust values 
TECb 9.79 0.99 43.4 31.6 0.18 33.7 35.8 121 – – 
PECb 33 4.98 111 149 1.06 48.6 128 459 – – 
Cc 6.6 0.03 100 57 0.02 95 20 80 – – 
a 
ER– Environmental risk estimated according to Saet et al. (1990). 
b 
TEC, PEC – the consensus-based threshold and probable effect concentrations. 
c 
C – Baseline was taken according to the data on the crust value from Vinogradov (1962). 
According to the Ukrainian environmental risk assessment protocol (Saet et al., 1990), the 
results of the environmental risk assessment in May were in agreement with those for August 
for all sampling sites, except the L09 site, where the observed difference probably reflects 
sediment heterogeneity and/or grain size effects. This confirms the necessity to normalize the 
data in order to avoid artefacts. Other results from the Ukrainian approach were consistent 
with the assessment calculated using the Sediment Quality Guideline. Accordingly, the 
contamination of the studied sediments varies from „moderate‟ upstream of the city area to 
„dangerous‟ downstream of Kharkiv city. In the city area the risk was estimated as 
„significant‟ (L06, L08 and U06; May) and „very high‟ (U06; August). Downstream of the 
wastewater treatment discharges, the degree of sediment pollution was evaluated as „very 
high‟ (Udy River; U06) and „dangerous‟ (Lopan River; L09). 
Based on these environmental risk assessments the studied rivers can be divided into three 
parts: (1) low risk for the slightly contaminated upstream reaches (L03 and U04); (2) medium 
risk for central urban area (L06 and U06) and (3) high risk in the reaches downstream of the 
wastewater discharges (L09 and U07). High Cr and Zn concentrations are the main 
contributors to poor sediment quality at the sites downstream from the wastewater treatment 
plants. The poor sediment quality in the urban area reflects the historical and continued use of 
the Lopan and Udy Rivers as recipients for the discharge of polluted wastewaters. 
5.3. Normalization of trace element concentration with Th 
In order to represent the spatial distribution patterns of trace elements in the sediments, 
normalization by Th has been applied in this study. Normalization of trace element 
concentrations in sediments with Th concentrations has proven to be efficient for nullifying 
grain size effects, allowing comparison of site-to-site variations in trace element 
concentrations for sediments from Thailand (Srisuksawad et al., 1997), Brazil (Ferreira et al., 
2006) and France (Coynel et al., 2007 and Larrose et al., 2010). Thorium is virtually insoluble 
(van Calsteren and Thomas, 2006), is almost totally associated with detrital minerals, has few 
anthropogenic sources, and is inversely related to the grain size of the sediments. Thus, 
normalizing element concentrations with Th allows decoupling the variability of particulate 
element concentrations from the grain size distribution or mineralogical effects (Masson et al., 
2009). The coefficient of variation (e.g. Reimann and De Caritat, 2005) for Th (30%) was less 
than for other elements, i.e. Ag (117%), As (84%), Cr (117%), Cu (127%), Ni (61%), Pb 
(95%) and Zn (91%) in the sediments of the Lopan and Udy Rivers. 
5.4. Distribution and potential sources of trace elements in the sediments 
From the Th-normalized values and enrichments of trace elements in the sediments, 
correlation between them and distribution in the water, the studied elements were divided into 
two principle groups: 
Group I – Ag, Cd, Cr, Cu, Hg, Ni, Pb and Zn – the correlation between the Th-normalized 
concentrations of these metals is relatively strong in both rivers, suggesting a common source, 
transport mechanism and behavior during different hydrological conditions. Enrichment 
Factors of these elements significantly increase in the urban area compared to rural parts of 
the watershed. Peaks of Th-normalized values for Ag, Cr, Cu, Cd, Hg and Zn occurred at the 
sampling sites downstream of the discharges from municipal wastewater treatment plants. The 
anthropogenic components, estimated as the difference between the Th-normalized values of 
these elements in sediments at the sites downstream of the wastewater discharge (L09 and 
U07) and upstream of the urban area (L03 and U04) were: Ag 91–94%, Cd 92–99%, Cr 72–
93%, Cu 74–98%, Hg 92–94%, and Zn 68–92% which were mainly attributed to wastewater 
discharge from the WWTPs of the Kharkiv urban agglomeration. The „B‟WWTP and „D‟ 
WWTP collect and treat mixed industrial effluent and domestic wastewaters from the city and 
suburban areas, and the treatment processes appear to be inefficient at reducing the 
contamination of trace metals in raw waters. The wastewater treatment system has not been 
improved since the establishment of the treatment facilities during the Soviet period (1964–
1971). 
The accumulation of Pb (anthropogenic component 60–76%) and Ni (anthropogenic 
component 30–78%) is probably related to urban run-off particles rather than wastewater 
effluents (Ohta et al., 2005, Schäfer et al., 2009 and Ayrault et al., 2010). The results for EF 
and anthropogenic components of metals in the sediments downstream of the wastewater 
treatment plants are in agreement with the data of Vasenko et al. (2006) who reported 
maximum Cr, Cu, Zn and Pb concentrations in the sediments of the Udy River in Kharkiv 
city. Additional sources of trace metals in water include roofs (Zn) and traffic (Cu, Cd and 
Pb) (Ayrault et al., 2010). The strong accumulation of Ag in urban sediments confirms the 
usefulness of Ag as an urban tracer, supported by its low crustal abundance. A variety of 
sources in urban catchments include photographic-processing, dentistry (Feng et al., 1998) 
and domestic wastewaters (Guevara et al., 2005 and Lanceleur et al., 2011). 
Group II – V, Co, As and Mo: these elements generally have negative correlations with the 
elements of Group I. Thus, these elements probably have different sources, transport 
mechanisms and behavior to those of Group I. In fact, there are no clear enrichments of As, 
Co, Mo and V in the Udy and Lopan Rivers (EF < 10) (Table 4). The stable spatial 
concentrations of dissolved Mo, V and Co (Table 3) are in agreement with the respective data 
for the sediments (Fig. 2) and confirmed the mainly natural origin of these elements in the 
rivers with low anthropogenic inputs. 
Accordingly, the first group (Ag, Cd, Cr, Cu, Hg, Ni, Pb and Zn) shows increased enrichment 
in sediments from the urban area with high anthropogenic components of up to 99% (Fig. 2). 
The second group (As, V, Mo and Co) relates mostly to the regional geochemical baseline of 
the sediments with very low enrichment in the urban area. 
6. Conclusions 
The results of the study showed that the distribution of trace elements in water and sediments 
of the Lopan and Udy Rivers of the Seversky Donets basin exhibits spatial variations. The 
analysis of dissolved element concentration in water and Th-normalized concentrations of 
metals in sediments indicates that the Kharkiv city area is the major source of Ag, Cd, Cr, Cu, 
Hg, Ni, Pb and Zn to the rivers. Based on the environmental risk assessment of the trace 
elements in the sediments, the rivers were divided into three parts: (i) low risk-relatively clean 
part in the upper sites; (ii) medium risk – urban polluted area and (iii) high risk-in the sites 
downstream of the wastewater discharges. The highest accumulation was observed for Ag 
with maximum contamination occurring in sampling sites located downstream from 
wastewater discharges. Silver shows strong correlation with other elements of anthropogenic 
origin and can be used as a reliable urban tracer. 
In order to make the first step towards the development of a sediment quality guideline for the 
rivers in the Seversky Donets watershed, a present-day baseline concentration of the trace 
elements in the sediments was proposed based on the Th-normalized values. For new 
environmental data collection and the development of a water monitoring strategy in Ukraine, 
the proposed method of sampling (i.e. combination of grab and passive water monitoring and 
sediment analysis) and data interpretation (i.e. Th-normalization, estimation of EF and trace 
element baseline) can be applied to rivers with similar hydrological and geochemical 
characteristics. 
This study is a part of a pilot for integrated research on urban rivers of the industrial East 
Ukraine region. For the presentation of a preliminary overview on the distribution of the 
elements in the watershed, the sampling was limited to just two campaigns. Further 
understanding of the speciation of the elements, mixing–dilution processes, continuous 
monitoring and replication should be carried out in contrasting seasonal and hydrological 
conditions including additional sites and the application of active and passive sampling 
techniques for long-term and diurnal investigations. 
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